Abstract. When invading the tissue, malignant tumour cells (i.e. cancer cells) need to detach from neighbouring cells, degrade the basement membrane, and migrate through the extracellular matrix. These processes require loss of cell-cell adhesion and enhancement of cell-matrix adhesion. In this paper we present a mathematical model of an intracellular pathway for the interactions between a cancer cell and the extracellular matrix. Cancer cells use similar mechanisms as with normal cells for their interactions with the extracellular matrix. We develop a model of cell-matrix adhesion that accounts for reactions between the cell surface receptor integrins, the matrix glycoprotein fibronectin, and the actin filaments in the cytoskeleton. Each represents components for an intermediate compartment, the extracellular compartment, and the intracellular compartment, respectively. Binding of fibronectin with integrins triggers a clustering of protein complexes, which then activates and phosphorylates regulatory proteins that are involved in actin reorganisation causing actin polymerization and stress fibre assembly. Rearrangement of actin filaments with integrin/fibronectin complexes near adhesion sites and interaction with fibrillar fibronectin produces the force necessary for cell migration, accounting for cell-matrix adhesion.
Introduction
Adhesive interactions between cancer cells and their surroundings, i.e., the extracellular matrix, are vital for metastatic spread. The adhesive interactions are required for migration through the basement membrane and extracellular matrix surrounding the tumour after detachment from the primary tumour mass, and for penetration of the circulating tumour cells into the tissue of the target organ at the secondary site.
In the interactions between cell and matrix, termed cell-matrix adhesion, the intracellular compartment of the cell is connected with the extracellular environment through cell surface receptors. Inside the cell, cell surface receptors are indirectly linked to the actin cytoskeletal network that is dynamically remodelled. Outside the cell, cell surface receptors bind with extracellular matrix components such as fibronectin. The reorganisation of the actin cytoskeleton combined with binding of cell surface receptors to matrix components provides a mechanical linkage between cell and matrix, to produce the force or traction necessary for cell adhesion, spreading and migration.
Cancer cells migrate in various ways, according to cell type and degree of differentiation. The molecular mechanisms underlying the migration of cancer cells through the tissues are similar to the mechanisms used by normal, non-neoplastic cells for migration during physiological processes, such as wound healing, embryonic morphogenesis, immune cell trafficking, etc. The principles of cell migration were initially investigated in non-neoplastic fibroblasts, keratinocytes and myoblasts, but additional studies on tumour cells show that the same basic strategies are retained [13] .
Cell migration is an integrated process that requires the continuous, coordinated formation and disassembly of adhesions. Migration can be viewed as a cyclical process. Based on studies, it is commonly agreed that the basic migratory cycle includes the following processes [36, 26, 32, 49, 4] :
• Extension of a protrusion. Polymerisation of the actin cytoskeletal network drives the initial extension of the plasma membrane at the cell front;
• Formation of stable contacts near the leading edge of the protrusion. The interaction of the cell surface receptors with the extracellular matrix stabilises the adhesions by recruiting signalling and cytoskeletal proteins;
• Cytoskeletal contraction, that generates a tractional force;
• Translocation of the cell body forward. The small, nascent adhesions may transmit strong forces, and serve as traction points for the propulsive forces that move the cell body forward; and
• Release of adhesions and retraction at the cell rear. This completes the migratory cycle allowing net translocation of the cell in the direction of movement.
The major groups of cell surface receptors for mediating cell-matrix adhesion are known as integrins, named for their role in integrating the intracellular cytoskeleton with the extracellular matrix [33] . Integrins provide a bi-directional signalling for mechanochemical information across the cell membrane, that is, two-way signalling occurs from outside-to-inside and from inside-tooutside. This signalling functioning provides a major mechanism for connecting the intracellular compartment (which is the cytoskeleton) and the extracellular compartment (extracellular matrix components or glycoproteins, such as fibronectin).
Over the last twenty years there have been attempts to mathematically model the interaction between cells and surfaces representing the extracellular matrix, such as by [21] who modelled cell adhesion to surfaces mediated by specific binding between molecules on the cell surface and complementary ligand molecules on the receiving surface. The binding depends on various quantities such as receptor number, binding affinity between receptor and ligand, bond formation rate, receptor diffusivity, distractive fluid forces, and contact area. [35] modelled the interactions between integrins, the cytoskeleton, and the matrix for cell retraction and dissociation mechanisms at the cell rear. [11] modelled the dependence of cell speed on adhesion-receptor/ligand binding and cell mechanical properties. Their model incorporated cytoskeletal force generation, cell polarization, and dynamic adhesion for cell movement.
In this paper we model a cell-matrix adhesion pathway describing interactions between fibronectin, integrins and actin reorganisation. Binding of fibronectin with integrins triggers a clustering of protein complexes, which then activates and phosphorylates regulatory proteins that are involved in actin reorganisation causing actin polymerisation and stress fibre assembly. Rearrangement of actin filaments with integrin/fibronectin complexes near adhesion sites and interaction with fibrillar fibronectin produces the force necessary for cell migration, accounting for cell-matrix adhesion.
Structural Components of Cell-matrix Adhesion
To model the mechanisms of cell adhesion to extracellular matrix, we consider three major components that are needed to generate traction used by cells to perform migration through the matrix. These components are the cell surface receptors integrins, the matrix glycoprotein fibronectin, and the actin cytoskeleton.
Integrins comprise a large family of transmembrane glycoproteins that mainly function to mediate cell-matrix adhesion. Integrins are composed of two subunits, α and β, and each αβ combination has its own binding specificity and signalling properties [18] . To date, there are 18α and 8β subunits which combine with each other to form a family of 24 distinct heterodimeric integrins that have been identified in humans [22, 46] . Heterodimeric integrins are expressed on the cell membrane to link the actin cytoskeleton to the extracellular matrix. Three different β 1 integrins, which are α 4 β 1 , α 5 β 1 , and α 8 β 1 , have been found which bind to fibronectin. Another large subfamily of integrins is composed of heterodimers sharing the α V subunit, also receptors for fibronectin, α V β 1 , α V β 3 , α V β 5 , α V β 6 , and α V β 8 [24] .
The cytoplasmic tails of integrins are generally short with roughly 50 amino acids in length, except for integrin β 4 that has ∼ 1000 amino acids. The cytoplasmic tails are also devoid of enzymatic features. Hence, integrin cytoplasmic domains form multi-molecular complexes with proteins involved in cell signalling and adapter proteins that connect the integrin to the actin cytoskeletal system, cytoplasmic kinases, and transmembrane growth factor receptors [18, 5] . The cytoskeleton organisation is performed after accumulation of cytoskeletal proteins like tensin, α-actinin, talin, vinculin, and focal adhesion kinase (FAK).
Migrating cells bind to fibronectin by means of discrete integrin clusterings at the leading or protruding edge. Integrin clustering can be a result of integrin binding with fibronectin which then promotes the localisation of adaptor proteins linking to the cytoskeleton [18, 5] or the clustering of integrins can cause binding of the leading edge of the cell with fibronectin. A study on integrin clusterings in motile fibroblasts by [41] showed that integrin clusterings grow at the leading edge and shrink at the cell rear over time, in the sense that they fluctuate in size, density, and shape over a period of minutes. As cells move, integrin clusterings that bind with fibronectin (often referred to as focal contacts or focal adhesion sites) appear at the leading edge and diminish in number toward the cell centre, while at the cell rear there is only a small number of clusterings that abruptly break as the cell body advances forward. Experiments carried out by [9] demonstrated that integrin activation is a prerequisite for clustering events. They observed that integrin clusterings in the periphery of the cell occur within minutes, starts about after 3 minutes. There are also many recent studies on integrin clustering, such as by [19, 48, 39, 52, 55, 2, 25, 45] .
Integrin binding with matrix can also affect integrin activation, where integrin binding to fibronectin changes the conformational state of integrin, from inactive to active [17, 16, 5] . Integrin activation is a prerequisite for clustering, hence activated integrins preferentially localise to the leading edge, where new adhesions form. In our model, we assume that integrin activation is triggered by binding of integrin to fibronectin, which then leads to clustering of integrin/fibronectin complexes.
The clustering of integrin/fibronectin complexes at the focal adhesion sites regulates downstream signalling pathways that induce an accumulation of signalling and adaptor proteins near the cytoplasmic domains of integrins. There are more than 50 cytoplasmic proteins present in the cellmatrix adhesion structure. The downstream signals coordinate reorganisation of the cytoskeleton as a result of actin polymerisation. The cytoskeleton is a highly dynamic part of a cell. It consists of numerous cytoskeletal actin filaments (F-actin) that constantly grow at their barbed end through polymerisation of monomeric actin (G-actin) and shrink at the pointed end through actin depolymerisation. This process is referred to as "treadmilling", which is a steady state flux of filaments [40, 51] . The reorganisation of the actin cytoskeleton is the primary mechanism of cell motility and is essential for most types of cell migration. During cell migration, the actin cytoskeleton is dynamically remodelled, and this reorganisation produces the force necessary for cell migration. The reorganisation of actin filaments into larger stress fibres, in turn, causes more integrin clusterings, thus enhancing the matrix binding and organisation by integrins in a positive feedback system [18] . Evidence accumulated from a variety of cell types has shown that the actin filaments assembled near the leading edge are also transported rearward or in a direction opposite to the movement of the cell. This phenomenon is known as retrograde flow. There is a balance between the actin cytoskeleton assembly and the retrograde flow that govern and control cell movement [1, 27, 54, 20] .
The structure and composition of the extracellular matrix is also very important for cancer cell invasion. One of the key components of the extracellular matrix which plays a major role in cell-matrix adhesion is fibronectin. Two forms of fibronectin exist. One form, plasma or soluble fibronectin, is a major plasma protein and found at concentration of 300µg/ml in human blood. An early study by [47] showed that hepatocytes of rats and hamster synthesised and secreted fi-bronectin as a soluble dimeric protein. In humans, soluble fibronectin is synthesised predominantly in the liver by hepatocytes in dimeric form. Another form, known as cellular fibronectin, is found at the surfaces of many different cell types, where it forms insoluble fibrillar matrices [38] . A major fraction of the cellular fibronectin in the extracellular matrix has been found to be derived from plasma fibronectin [30] . The assembly of fibronectin matrix or insoluble fibrillar matrix is a cell-mediated process. It is thought that the binding of integrin to fibronectin promotes fibrillar matrix formation through interactions with other cell-association fibronectin dimers. As fibrillar matrices form on the outside of the cell, cytoplasmic domains of integrins organise cytoplasmic proteins (signalling and adaptor proteins) into functional complexes linking to the cytoskeleton. The whole process of binding of cytoskeleton to integrins and fibronectin is essential for fibrillar matrices formation and propagation [53] . The insoluble fibrillar matrices, along with other components of extracellular matrix, provide structural support for cellular functions such as cell adhesion, migration, and tissue organisation. For migrating cells, binding onto a rigid surface helps generate tractional forces necessary for moving the cell body forward. Since the assembly of fibronectin into a fibrillar matrix is a complex process, we assume, for our model, that the fibrillar matrices are formed by binding of the clustering of integrin/fibronectin complex bound with soluble fibronectin. The more fibronectin or fibrillar matrices formed, the more rigid the extracellular matrix becomes. The rigidity of extracellular matrix causes the strengthening of the integrin-cytoskeleton linkages [8] . Hence it generates positive feedback for cytoskeleton organisation inside of the cell. The adhesion forces are the final step produced from the kinetics and mechanics of the structural components of cell-matrix adhesion.
Mathematical Model Derivation
Based on the kinetics of the major components of cell-matrix adhesion summarised in section 2., we assume the following steps for our cell-matrix adhesion pathway: 
The clustering of integrin/fibronectin complex results from the binding of integrin with fibronectin at the cell membrane. Here we adopt a simple clustering reaction as in [14] , which is assumed to be irreversible, with rate k 3 :
Clustering triggers recruitment and localisation of cytoplasmic proteins, hence activation and phosphorylation of regulating proteins. This then activates actin polymerisation and actin reorganisation A p at the leading edge that pushes the membrane forward in finger-like structures (filopodia) and can also be in sheet-like structures (lamellipodia), with rate k 41 .
To account for processes that reduce actin filaments at the leading edge such as treadmilling and retrograde flow, we assume reverse reaction (depolymerisation) with rate k 42 and natural decay with constant rate m.
4. Rearrangement of actin filaments with clusters of the integrin/fibronectin complex near focal contact sites:
Meanwhile, surrounding the cell in the extracellular domain, the formation of the fibrillar fibronectin network occurs with a rate k 7 :
The formation of the fibrillar fibronectin network increases matrix rigidity, which in turn, gives a positive feedback with rate k 8 to the strengthening of the integrin/fibronectin-cytoskeleton linkage A p . FR.
6. Binding of the integrin/fibronectin-cytoskeleton linkage A p . FR to the fibrillar network yields an adhesion force, measured by its strength, required for cell movement:
The complex F × .A p . FR ruptures during cell detachment at the cell rear. Hence the reaction is reversible.
7. An increasing force adds a positive feedback to the clustering of complex with rate k 11 .
These intracellular interactions are summarised in a schematic diagram shown in Fig. 1 . By letting and applying the law of mass action, we obtain the system of ODEs:
We introduce dimensionless variables
where R T is the total integrin concentration (R T =
[R] + [FR] + [ FR]) and F T is the total ligand/fibronectin concentration (F T = [F p ] + [FR] + [ FR] + [F × ]).
To set the reference for concentration of integrin/fibronectin complex, we follow [16] , that under conditions of excess ligand (of fibronectin) the steady state concentration of integrin/fibronectin complex is proportional to
where
is the equilibrium affinity constant for binding of integrins with fibronectin. We use x F R to define the rest of the dimensionless variables:
, and x * 8 =
We nondimensionalise time as t * = t T where T is an appropriate reference time. Using x F R and T we obtain the nondimensional parameters:
Inserting the dimensionless variables and parameters above into the system of equations (3.1) and after dropping the stars for notational convenience, the nondimensional model for cell-matrix adhesion is now
For migrating cells, adhesion of cells to matrix occurs instantaneously in order to prevent the formation of mature focal adhesions which are bigger in size and may hold cells from moving.
Computational Simulation Results
In this section we present the results of computational simulations from the system (3.2). To obtain dimensionless parameter values, we use parameters listed in Table 1 for reference. The parameter values are given in ranges reflecting the range of different values obtained experimentally in different conditions and using different materials. Receptor-ligand equilibrium constant
Reverse reaction rates
Receptor-cytoskeleton equilibrium constant
T Time integrin clusterings start at focal contacts 1 hour [23] For parameter values that could not be found in the literature, we use estimated values. Using estimates in developing models of complex biochemical pathway is generally acknowledged to generate uncertainty. However, these values serve as tools for a preliminary study of the cellmatrix adhesion pathway and they are useful for simulation purposes. Taking
we get dimensionless parameter values for (after omitting the star sign):
while the rest of the parameters are estimated as
Initially we assume that there is a 0.6 fraction of free integrins on the cell membrane, a 0.6 fraction of soluble fibronectin and a small amount (0.03 fraction) of fibronectin matrix outside the surface of the cell. As a cell must have a cytoskeleton to support its shape, we assume there is a 0.3 fraction of actin filaments near the leading edge and a 0.03 fraction of actin monomers. The rest of the variables are initially zero. The first result from the cell-matrix adhesion pathway that we show here is the adhesion force or adhesion strength produced from complex interactions between the cell surface receptor integrins as mediators, the cytoskeletal network inside of the cells and fibronectin with the fibrillar network outside of the cell. Using the dimensionless parameters given above, the computational simulations show that the generated adhesion strength shows an initial exponential increase, until it reaches a steady state or a constant strength, as shown on the right plot of Fig. 2 . This result qualitatively agrees with the experimental data by [15] that measured fibroblast adhesion strengthening on fibronectin, as in the left plot of Fig. 2 .
Both experimental data and our simulation result show that the adhesion force or strength increases rapidly at early times and reaches a steady state value by 4 hours. Experiments by [15] show the dependency of adhesion strength on fibronectin density, where a lower density of fibronectin yields a smaller constant adhesion strength (open circles) and a higher fibronectin density gives a bigger constant adhesion strength (closed circles). For our cell-matrix adhesion model, the adhesion strength shows dependency both on integrin and soluble fibronectin densities. In Fig. 3 we plot adhesion strengths over time by varying the initial value of integrin x 1 (0) and soluble fibronectin x 2 (0) concentrations as shown on the left figure (for varying/increasing x 1 (0)) and right figure (for varying/increasing x 2 (0)). The initial value of concentrations is increased from x 1 (0) = 0.1 (bottom curves), x 1 (0) = 0.3, x 1 (0) = 0.6, and x 1 (0) = 0.9 (top curves) for both x 1 (0) and x 2 (0). Taking both x 1 (0) = 0.9 and x 2 (0) = 0.9, the time taken for the adhesion strength to reach a constant value is slightly different for both concentrations, also at around 4 dimensionless time units. The constant adhesion strengths are higher for initial densities of integrin than the initial densities of fibronection. With the lowest initial densities x 1 (0) = 0.1 and x 2 (0) = 0.1, the time taken for the adhesion strength to reach a constant value is longer, around 8 dimensionless time units and the constant values of adhesion strengths are different for each integrin and fibronectin, where with x 1 (0) = 0.1 the constant adhesion strength is around 0.17 and with x 2 (0) = 0.1 the constant adhesion strength is around 0.11.
[6] developed an in vitro assay to visualise and quantify actin polymerisation from purified α v β 3 integrin complexes that cluster at the protruding parts of the cells as shown on the left plot of Fig. 4 . The experimental data show the rates of actin assembly/polymerisation from different cells stimulated and unstimulated with Arg-Gly-Asp-ligand-induced β 3 tyrosine phosphorylation, where the black curve shows the rate of actin polymerisation by cells of wild type stimulated with Arg-Gly-Asp-ligand-induced β 3 tyrosine phosphorylation, the blue curve from unstimulated cells, the red curve for stimulated and expressing Y747-759F β 3 cells, and the orange curves for unstimulated expressing Y747-759F β 3 cells. The rate of actin polymerisation from experimental data shows a tendency of a rapid increase at early times until it reaches a constant value, the same pattern as the experimental data for adhesion strength. Our computational simulation result for x 5 from the model (3.2) which accounts for actin polymerisation followed by actin reorganisation near the leading edge as well as actin depolymerisation and retrograde flow for balance, also shows the same exponential increase until reaching a constant rate, as shown by the right plot of Fig. 4 .
Other processes that are of experimental interest are the rate of change of soluble fibronectin and the rate of change of formation of insoluble cellular fibronectin or fibrillar fibronectin network (matrix) outside of the cell. We compare our simulation results for both kinetics with the experimental data of [44] , as shown in Fig. 5 . The left plot, which is the experimental data, shows the fast formation of insoluble fibronectin (open circles) from a certain type of soluble fibronectin (closed circles) (FN∆III 1−7 ) that rapidly decreases. The concentration of soluble and insoluble fibronectin decays and grows, respectively. The simulation results, shown by the right plot, from equations (3.2b) for soluble fibronectin concentration and (3.2g) for insoluble fibronectin concentration exhibit the same rate of reactions, which are an exponential decrease for soluble fibronectin and an exponential increase for insoluble fibronectin. Some biochemical processes that are considered to be important, indeed crucial, to adhesion for cell motility are the integrin/fibronectin complex clustering and the binding between clustering and soluble fibronectin which is necessary for matrix formation. From our model of the system (3.2), if we prevent clustering of the integrin/fibronectin complex by setting k 3 = 0, the magnitude of the force decreases and it takes a longer time for the adhesion force to be stable (i.e. to reach a constant force). If we set k 7 = 0, the adhesion force becomes very low/weak, perhaps not enough to perform adhesion. The changes in the magnitude of adhesion force over time for both scenarios can be seen in figure Fig. 6 .
Setting the parameters k 3 = 0 and k 7 = 0 as above also reduces the formation of fibrillar matrix, as can be seen in the left and right figures of Fig. 7 , respectively. Even with k 7 = 0, no fibrillar matrix will be assembled/formed where the solution goes to zero.
To explore in more detail how changing the key parameters above affect the dynamics, we performed a parameter sensitivity analysis using the Systems Biology Toolbox or SBToolbox R [43] which is a Matlab R toolbox. We determined the sensitivities of the integrin/fibronectin com- plex clustering (through the variable k 3 x 3 ) and the fibronectin matrix formation (through the variable k 7 x 2 x 4 ) to the parameters. The sensitivity analysis was performed by perturbing all parameters to obtain the steady-state sensitivities. As shown in Fig. 8 variations in both key processes generate (almost) identical values of steady-state sensitivities of the parameters, and parameters β, k 8 and α are the most sensitive to the variations. 
Conclusions and Discussion
In this paper we have presented a model of the key biochemical processes involved in cell-matrix adhesion that accounts for reactions between integrins, soluble fibronectin, the integrin/fibronectin complex, clustering of the integrin/fibronectin complex, actin polymerisation and reorganisation, the cytoskeletal complex, insoluble fibronectin (fibrillar network), and adhesion strength from the combination of the clustering integrin/fibronectin complex with the cytoskeletal network and attachment to insoluble fibronectin outside the cell, using a system of ordinary differential equations (3.2). We formulated the mathematical model from a proposed cell-matrix adhesion pathway that was derived based on the key events as reported in the literature.
Despite some parameters used in the simulations are only estimated values because not all parameters are available experimentally or in literature, our model shows good qualitative agreement with the experimental data, such as for adhesion strength plots shown in Figs. 2 and 3 and for kinetics of soluble fibronectin and formation of matrix fibronectin as shown in Fig. 5 .
For migrating cells, the adhesion force generated from interactions of proteins locally is used for one cycle of movement which includes extending protrusions and moving their body forward. One cycle of cell movement takes around 30 minutes to 1 hour to occur, depending on many other variables such as a sufficient rigidity of surface/matrix for the smooth movement, an available gradient of chemoattractant, etc. The dynamics of key cell-adhesion components such as integrins, the cytoskeletal network and fibronectin, are also instantaneous. After one cycle of movement is completed, the whole pathway is restarted from the beginning to perform another cycle of movement. In order to prove this conjecture and to see whether our cell-matrix adhesion pathway works adequately, it is our aim for future work to apply the intracellular cell-matrix adhesion model into a multiscale cellular model. 
